Phytomonas tumefaciens, the root nodule organisms, and other related bacterial species may produce, in the course of their life histories, peculiar, star-shaped aggregates of cells. Beijerinck (1890) and Beijerinck and van Delden (1902) were apparently the first to describe this phenomenon. Working with the root nodule bacteria and Alcaligenes radiobacter these investigators interpreted this phenomenon as being the result of a peculiar type of branching or division of a single bacterium. At the time when Lohnis (1921) was formulating his life cycle theory, he also observed these star-shaped bodies and concluded that they represented evidence of conjunction in the bacteria.
Phytomonas tumefaciens, the root nodule organisms, and other related bacterial species may produce, in the course of their life histories, peculiar, star-shaped aggregates of cells. Beijerinck (1890) and Beijerinck and van Delden (1902) were apparently the first to describe this phenomenon. Working with the root nodule bacteria and Alcaligenes radiobacter these investigators interpreted this phenomenon as being the result of a peculiar type of branching or division of a single bacterium. At the time when Lohnis (1921) was formulating his life cycle theory, he also observed these star-shaped bodies and concluded that they represented evidence of conjunction in the bacteria.
In his first report on the subject Lieske (1926) did not attempt to interpret the phenomenon but later (1928) suggested that, superfically at least, it had the appearance of a sexual stage in the life history of the bacterium studied. Stapp and Bortels (1931) presented a detailed account of the different phases of the life cycle of Phytomonas tumefaciens. These investigators devised a simple medium which permitted the initiation and development of large numbers of bacterial stars and thus greatly facilitated their study. The medium consisted of dilute carrot juice and 70.01 per cent each of FeSO4. 7H20 and MnSO4.7H20. Recently Stapp (1942) has studied, with the aid of the Feulgen stain, the nuclear behavior within the aggregate. He has suggested that fusion of the nuclei of the individual members of the star results.
Other investigators, however, have interpreted the phenomenon differently. Schatzel (1932) states that the aggregates result from an entangling of flagella of the individual members. Riker et al. (1946) suggest that further work is necessary to determine the possibility of the bacteria being attracted by a particle with an electric charge different from that of the organisms. Other workers believe that the bacterial stars represent an attempt by these organisms to form colonies such as are found in certain of the algae and protozoa.
We have investigated, with the aid of an electron microscope, the various stages in the life history of Phytomonas tumefaciens when that organism developed in a special carrot medium. The chromatinic behavior within the star-shaped bodies was also studied by means of the Feulgen procedure and light microscopy. It is the purpose of the present paper to report our findings.
EXPERIMENTAL METHODS
The highly motile Chry. IIB strain of Phytomonas tumefaciens was used. It was grown on nutrient glucose agar for 18 to 20 hours and then inoculated heavily into the carrot broth of Stapp and Bortels (1931) . The culture was permitted to incubate at room temperature for the desired period.
The carrot medium was prepared by first washing carrots in running tap water until all soil particles were removed. About 250 g of washed carrots were macerated in a meat chopper, placed in 500 ml of tap water, and cooked for 30 minutes in flowing steam. The carrot extract was filtered, and 200 ml of the juice were added to 1,200 ml of water. The solution was made slightly alkaline (pH 7.4) by the addition of sodium carbonate. Following the adjustment of the reaction, 0.2 g of FeSO4 7H20 and 0.2 g of MnSO4 7H20 in 100 ml of distilled water were added. The medium was placed in sterile test tubes to a depth of about three inches and sterilized intermittently in flowing steam on three successive days. During sterilization a heavy brown precipitate was formed. This was allowed to settle to the bottom of the tubes, and the clear supernatant was pipetted into sterile test tubes to a depth of about two inches. The medium was then ready for use.
In studying the chromatinic structure of the bacteria in the starlike cluster the following procedure was used. Films of the bacterial culture which had been grown on the carrot medium were made on clean glass slides. The preparations were fixed in osmic tetroxide vapor in a closed container for 20 minutes and then permitted to air-dry. The film was hydrolyzed in N/1 HC1 at 58 C for periods varying from 5 to 40 minutes. Following hydrolysis the preparations were stained either by the usual Feulgen method or with Loeffler's alkaline methylene blue (Lewis, 1942; Dubos, 1945) . The two procedures gave comparable results although differentiation of the chromatinic bodies and the cytoplasm was found to be somewhat sharper with the methylene blue stain. No counter stain was used. These preparations were examined with a light microscope.
Electron microscope preparations were made by placing a droplet of a diluted suspension of bacteria on the surface of the collodion-covered metal screens customarily used for electron microscopy. After standing for several minutes most of the droplet was withdrawn with folded lens paper. Care was taken not to touch the membrane with the paper. An RCA type EMC-1 instrument was used in the study.
EXPERIMENTAL RESULTS
Phytomonas tumefaciens, the causal agent of the crown-gall disease of plants, is described by Bergey et at. (1939) as a gram-negative bacterium that is 0.7 to 0.8 by 2.5 to 3.0 microns in size. The flagella are polar, as shown in figure 1, no. 1, and most strains are highly motile. When this organism is grown on nutrient glucose agar for 18 to 20 hours and then heavily inoculated into the iron manganese carrot medium, the bacteria are actively motile for the first few hours. During this period none of the characteristic star-shaped aggregates are found. At the beginning of the third hour, however, a delicate, slimy veil can be observed on or close to the surface of the medium. It is at this time that the aggregates begin to form.
If the process of star formation is observed by means of a specially constructed chamber, such as that described by Stapp and Bortels (1931) , one finds that in the third hour individual bacterial cells come to rest at or close to the surface of the medium. Following this, in each case, a second organism moves into the vicinity of the quiescent bacterium and may either settle down next to the first or swim about it for a short period before coming to rest. A third organism, then a fourth, etc., follow the same procedure until the star-shaped bodies are formed. The aggregates may consist of as few as 2 or 3 organisms or as many as several hundred. It is believed probable, because of the behavior of the bacteria during the period in which the stars are initiated, that the force that brings these organisms together is chemotactic in nature. Figure 1 , no. 2, shows a very young bacterial star that is composed of 5 members. The preparation was obtained from a 42-hour carrot broth culture and is incorporated here to show the relative position of the flagella. These structures were found to be at that end of the bacterium farthest from the center of the star. Since this species of bacteria has a single tuft of 3 to 6 flagella attached at only one end, this finding proves beyond reasonable doubt that the entangling of flagella of the individuals that comprise the aggregate is not a factor in star formation.
The bacteria within the aggregate characteristically elongate and within 24 hours may be two or three times their original length. Figure 1 , no. 3, shows a 9-hour star in which elongation has already begun. In addition, this picture and no. 2 are interesting because they demonstrate the extrusion of a spherical mass of protoplasm from the bacterial cell. Thus far we have observed this phenomenon only at the ends of the bacteria farthest from the center of the aggregate. This may be due in part at least to the extreme difficulty of finding the star-shaped bodies at the proper stage of development and at the same time in such a position as to make the observation possible. Further consideration will be given to this phenomenon below. The organisms continue to elongate for several days, and we have on occasion observed individuals as long as 30 microns. This represents a tenfold increase in length. Most bacteria, however, show a maximal elongation of somewhat less than half that figure.
In addition to the increase in size, the organisms frequently show a pronounced swelling at the ends of the bacteria toward the center of the star. The swelling, which is well illustrated in figure 1, no. 4, may be observed as early as the twelfth hour, but is most pronounced after the second day.
The star-shaped aggregates become embedded in a slimy matrix very early in their formation and thereafter remain quiescent for a period ranging from 5 days to 3 weeks. Many hundreds of these bodies can frequently be found packed closely together in the gelatinous mass. The day following the formation of a star the individual members are bound together tenaciously. On repeated occasions these aggregates have been isolated, washed thoroughly in sterile media, and probed with microrods attached to a micromanipulator in an attempt to pull them apart. Despite intensive probing these bodies maintained their characteristic shape and only after prolonged effort was it possible to bring about their disintegration.
A typical 4-day-old bacterial star is shown in figure 2, no. 6. In this instance the five organisms radiate from a common center and adhere to one another only at their extreme tips. There is no evidence here of a fusion of the cells nor, as Stapp and Bortels (1931) nects the individual organisms. The central portion of the aggregate appears to be occupied by a substance that shows approximately the same opacity as does the protoplasm of the bacteria themselves. Although the nature of this substance could not be determined with the electron microscope, we nevertheless feel confident that it is not foreign in origin but represents either a product of the bacterial cell, such as slimy mucilaginous material, or is perhaps bacterial protoplasm. This phase of the problem will be taken up in more detail below. Toward the end of the quiescent period, which, as has been pointed out previously, is quite variable, a dissolution of the star-shaped bodies begins. Following disintegration the elongated components similar to that shown in figure 1, no. 4, float about in the medium and ultimately divide (no. 5) giving rise again to small motile forms (no. 1). Between the third and fourth weeks the culture no longer contains large numbers of starlike bodies but consists chiefly of small motile organisms, together with a lesser number of elongated cells. At this stage the individual organisms have the general appearance of those in the culture initially used. Thus, the cycle is completed.
The question of the significance of star formation in the life history of Phytomonas tumefaciens has recently been studied by Stapp (1942) . This investigator has followed the behavior of the chromatinic substance within the aggregate, and he suggests that fusion of this material results. We have undertaken to reinvestigate this phase of the problem tinctorially using both the Feulgen procedure and Loeffler's alkaline methylene blue. Both methods were applied to hydrolyzed as well as unhydrolyzed specimens.
It was found that in many instances the Feulgen-positive material migrates to the end of the bacteria closest to the center of the star as shown in figure 2, no. 7. In other instances distinct nucleoids appear at both ends of the cells. This distribution of chromatinic material is evident not only in bacteria that comprise a star but also in certain elongated cells that are not members of an aggregate. In only a relatively few instances, however, have we found evidence of what appeared to be an actual fusion of the Feulgen-positive material of the various bacteria comprising a star. Figure 2 , no. 8, shows one such example in which a single Feulgen-positive body is located directly in the center of a sevenmembered star.
In the majority of instances, however, the central area appeared to be occupied by a substance that stained a very faint blue with the methylene blue stain. The staining reaction of this material was the same whether the preparations were hydrolyzed or stained without previous hydrolysis. The substance was probably bacterial slime. At times, however, one to several small granules that stained dark blue were found embedded in the lighter-staining matrix.
DISCUSSION
Attempts to explain the nature and possible significance of the so-called "star" phase in the life history of Phytomonas tumefaciens have given rise to a number of diverse concepts. These have been briefly outlined in the introduction.
We microscope was found to be admirably suited for a study of the relative position of the flagella as well as for detecting the possible presence of a centrally located granule that might be instrumental in attracting the bacteria. The results indicate that the flagella are attached to that end of the bacteria farthest from the center of the star-shaped body and do not, therefore, appear to be directly involved in the formation of the aggregate. Furthermore, there was no evidence to indicate the presence of a centrally located granule of foreign origin that might serve to attract the bacteria and thus account for the formation of these bodies.
The comparison of the bacterial stars to certain colony types found in the algae and protozoa offers an interesting subject for speculation. Striking similarities as well as differences between these two kinds of bodies do, of course, exist and we believe that this interpretation cannot be ruled out until some other more plausible explanation for the origin and development of the bacterial stars is advanced.
The behavior of the chromatinic substance within the bacterial star is interesting and, as Stapp has indicated, there is a suggestion of a fusion of the Feulgenpositive material at the center of the aggregate.
We have observed many bacterial stars in which a concentration of the chromatinic substance was found in that part of the bacterial cell closest to the center of the star. The individual nucleoids were distinct, and they remained confined to the bacterial cell. We have also found some examples of what appeared to be.actual fusion of the chromatinic material of the various bacteria comprising the aggregate. In these instances a single, large, well-defined, Feulgen-positive body was found directly in the center of the aggregate. These findings are, of course, very indicative of a simple form of sexuality in these bacteria.
No evidence has been found to indicate that a fusion of the bacteria comprising a star takes place, or that protoplasmic strands, such as those described by Stapp and Bortels (1931) The diverse concepts that have been advanced in an attempt to explain the origin and nature of the star-shaped aggregates that are found in the developmental cycle of this organism have also been investigated. It is felt that certain of the interpretations given this phenomenon, i.e., the entangling of flagella of the various members of the aggregate and the attraction of the organisms by a foreign particle of opposite electric charge, can be abandoned on the basis of the work reported here.
A study of the chromatinic behavior within the bacterial stars revealed that in a small percentage of instances there was found what appeared to be a fusion of the Feulgen-positive material at the center of the aggregates. Although this finding is highly suggestive of a simple form of sexuality in these bacteria, it is nevertheless felt that cytological studies alone are inadequate to determine the answer to this question with certainty.
